In this study the effect of Fe for Ni substitution in Ni44Co6Mn39Sn11 metamagnetic shape memory alloys on their structure, magneto-structural transformation characteristics, magnetic and magnetocaloric properties was studied. The results show that the structure and martensite transformation behavior strongly depends on the Fe concentration. The martensitic transformation temperature decreases with 1 at.% of Fe and is suppressed with higher Fe content. It was further found that substitution of Fe for Ni leads to lowering of the value of magnetic entropy change.
Introduction
Ni-Co-Mn-Sn Heusler alloys have attracted much attention because of their potential applications as multifunctional materials [1] [2] [3] . This is related to the ability of these alloys to undergo martensitic transformation (M T ) from high symmetry, ferromagnetic austenite phase to lower symmetry, weakly magnetic martensite phase [4, 5] . Due to the magnetization difference between martensite and austenite an applied magnetic field can induce in these systems a reverse martensitic transformation (RMT), a phenomenon known as metamagnetic shape memory effect (MSME). An abrupt magnetization change across the transition is the source of an inverse magnetocaloric effect (IMCE), which is perspective for environmentally magnetic refrigeration [6, 7] . It has been found that introduction of Co for Ni decreases the M T temperature while increasing the Curie temperature [8] [9] [10] . The Ni 44 Co 6 Mn 39 Sn 11 alloys show M T at 342 K and the T C at 396 K [5] , which is inconvenient for practical applications, for which the M T should be set near room temperature. This can be achieved for instance by composition modification e.g. by addition of a fifth element into the quaternary system. Such replacement of Ni or Mn by Fe has been reported to impact the characteristic M T and T C temperatures [9, [11] [12] [13] [14] . Previously the effect of Ti [15] , Nb [16] , In [17] In the present study the effect of Fe substitution for Ni on structural and magnetic properties in Ni-Co-Mn-Sn alloys is reported and discussed.
Experimental
Ni 44−x Fe x Co 6 Mn 39 Sn 11 (x = 0, 1, 2, 4 at.%) alloys were prepared by induction melting technique from pure elements (99.9%) of Ni, Fe, Co, Mn, Sn in argon atmosphere. The samples are referred to Fe0, Fe1, Fe2, and Fe4, respectively. The ingots were annealed in vacuum at 1223 K for 5 h in order to obtain good homogeneity of the solidified alloys. Then they were heat treated at 1173 K for 1.5 h followed by quenching in ice water. The phase identification of samples were performed by X-ray diffraction method at 293 K using a Rigaku MiniFlex 600 diffractometer with Cu K α radiation. Microstructure and chemical composition of samples were studied using Tecnai G2 transmission electron microscopy (TEM) operating at 200 kV, equipped with energy dispersive X-ray microanalyser (EDX). Magnetostructural transformations and magnetic properties of alloys were determined by means of LakeShore 7407 vibrating sample magnetometer (VSM) equipped with Janis made LN 2 cryostat. Figure 1 shows the set of XRD patterns of Fe0-Fe4 alloys recorded at room temperature (RT). For Fe0 alloy, the diffraction peaks can be well indexed as a mixture of four-layered orthorhombic 4O martensite with trace amount of L2 1 austenite. Addition of 1 at.% of Fe increases the volume fraction of austenite phase with simultaneous decrease of the martensite. Increase of Fe content up to 2 at.% caused the formation of single phase L2 1 austenite structure in Fe2 alloy. Further increase of Fe content also leads to formation of a two-phase structure, however other than that of Fe1 alloy. Apart from peaks of the austenite L2 1 structure two weak reflections corresponding to γ phase were also observed [14, 18] . In order to better understand the effect of the substitution of Ni by Fe TEM observations were performed. Fig. 2a and b) was identified as modulated four-layered orthorhombic 4O. BF micrographs and the corresponding SADPs of Fe1 sample indicate that sample consists of two types of martensite. The first one can be indexed as 4O (Fig. 2c,d ) and the second one corresponds to five-layered monoclinic 10M martensite (Fig. 2e,f) where four satellite spots between main reflections are visible. In Fig. 2g and h BF micrograph and corresponding SADPs are shown, which indicate that sample consists of the well-known L2 1 austenitic structure. As was determined from X-ray diffraction experiments (Fig. 1) the Fe4 alloy is a mixture of a two-phase structure consisting of austenite and γ phase. Figure 2i presents BF micrograph and corresponding SADPs (Fig. 2j,k) [14] . It is obvious that increase of Sn and decrease of Ni, Fe, and Co in the matrix causes a decrease of the e/a ratio making the M T temperature also to decrease. The magneto-structural transformations occurring during cooling and heating at low magnetic field were analyzed using the VSM technique. 
Results
The difference of M s temperature between Fe0 and Fe1 samples can be explained based on e/a ratio theory since Fe0 has a higher e/a ratio than Fe1 [19] . In the case of alloys Fe2 and Fe4 no martensitic transformation was observed in the investigated temperature range. The main reason is the precipitation of the γ phase which strongly changes composition of austenite and also the e/a ratio leading to a decrease of the M T temperatures or even to its total A. Wójcik et al.
vanish of the M T [5, 19] . Addition of Fe into Ni-Co-MnSn alloys raises the T C temperature of austenite for Fe1. However, further addition of Fe decreases the T c temperature. It is a consequence of strong relation between Mn and Fe atoms [13] . On the other hand, its decrease may be ascribed to the precipitation of γ phase and should be taken into further investigation. 
Conclusions
The structure, magneto-structural behavior and magnetic entropy change of multielement Ni-Fe-Co-Mn-Sn bulks have been investigated. It was found that:
• With Fe addition the crystal structure changes accordingly: • ∆S M decreases from 6.3 J kg −1 K −1 (1.5 T) for Fe0 to 2.3 J kg −1 K −1 (1.5 T) for Fe1.
The obtained results show that optimization of magnetostructural properties is possible by obtaining multifuctional alloy which makes them a potential candidate for MSME applications.
